Spin-polarized transport through a quantum dot side attached to a topological superconductor and coupled to a pair of normal leads is discussed in Coulomb and Kondo regimes. For discussion of Coulomb range equation of motion method with extended Hubbard I approximation is used and Kondo regime is analyzed by Kotliar-Ruckenstein slave boson approach. Apart from the occurrence of zero bias anomaly the presence of Majorana states reflects also in splitting of Coulomb lines. In the region of Coulomb borders the spin dependent negative differential conductance is observed. Due to the low energy scale of Kondo effect this probe allows for detection of Majorana states even for extremely weak coupling with topological wire. In this range no signatures of Majorana states appear in Coulomb blockade dominated transport.
I. INTRODUCTION
Majorana fermions and Majorana bound states (MBSs) have attracted considerable interest in recent years due to their fundamental exotic properties e.g. self-hermicity and associated with this peculiarity nonAbelian statistics [1] . These features make Majorana states potential candidates for the use in fault-tolerant topological quantum computation [2] . MBSs are predicted to exist at the ends of a semiconductor nanowire with strong spin-orbit coupling placed in external magnetic field and brought into proximity of s-wave superconductor [3] . Also several other propositions for the realizations of 1d topological superconductor (TS) have been reported e.g. carbon nanotubes with broken chiral symmetry and curvature induced spin-orbit coupling [4] . Various proposals have been made to detect the Majorana states using different hybrid structures based on quantum dots [5, 6] . In this report we discuss signatures of Majorana states in transport through quantum dot coupled to normal leads and to a single or a pair of TS wires. Both Coulomb blockade range and Kondo regime are discussed. Due to the helical properties of TS wire its Majorana end-state hybridizes with only one of the dot spin orientations [1, 7] , and thus in addition to conductance also polarization of conductance gives information on Majorana states. Present report complements the earlier studies on this topic by detailed analysis of spin polarization. We present the possibility of control of spin transport and we find the spin negative differential conductance, the phenomenon of wide array of potential applications e.g. in spin dependent amplifiers or switching circuits. * Electronic address: krychowski@ifmpan.poznan.pl
II. MODEL AND FORMALISM
T-shape system of Majorana bound state coupled to the quantum dot is presented in Fig. 1a (single side attached TS) and on the inset of Fig. 2a (a pair of TSs). The total Hamiltonian is H = H 0 + H MBS + H DM . H 0 is the Anderson hamiltonian and it describes the dot and the leads: . Coupling between Majorana modes can be neglected in the case when TS wire is much longer than the coherence length (L ≫ ξ). In the opposite limit (dirty topological superconductors) δ = 0 (δ ∼ e −L/ξ ). The Majorana operators can be expressed by fermionic operators:
Due to helical properties of TS wire Majorana states are spin polarized [7] . The dot-Majorana coupling term is
, where we assumed configuration in which spin polarizations of Majorana states γ 
in Coulomb blockade regime we use extended Hubbard I approximation. In Hubbard I approach two-particle Green's func-
, and in the extension we use they are treated exactly. 
with marked SNDC regions for spin down orientation. e,f ) Plots of polarizations of conductance for δ = 0 (e) and δ = 0.2 (f). Red and blue regions correspond to P C > +1 and P C < −1 respectively (U = 3, Γ = 0.05, t = 0.5, the energy unit is defined in terms of the bandwidths 2D = 100).
Kondo regime is discussed within finite U slave boson approach (K-R) [8] , which maps the problem into the effective noninteracting particles picture with renormalized dot energy, hoppings to the leads and coupling to Majorana state. Since the only term not discussed so far in K-R formalism is H DM , we give here its SB representation
is the renormalization factor, with SB operator e acting as projector onto empty state, p σ onto single occupied state and d onto doubly occupied state. 
, and ̺ is DOS of the leads. The differential conductances are given by G s = dI s /dV and the spin polarization of conductance is defined by P C = (G ↑ −G ↓ )/G.
III. RESULTS
First we discuss the impact of single Majorana state on Coulomb blockade considering QD with only one side attached TS wire (t 2 = 0) (inset of Fig. 1a) . 1d, e) and P C < −1 for spin down (blue regions). SNDC increases with weakening of the coupling to the normal electrodes. Fig. 1f illustrates the effect of finite overlap between Majorana fermions from the opposite ends of the wire (δ 1 = 0). ZBA resonance splits, but still remains fully spin polarized. Splitting is proportional to δ. can be realized with two side attached TS wires touching the dot with the opposite ends (Fig. 2a) . For δ 1 = δ 2 = 0 and symmetric coupling (t 1 = t 2 ) conductance of ZBA is doubled in comparison to the case of coupling with single wire (G = (e 2 /h)) and is unpolarized, because in tunneling equally engaged are carriers of both spin orientations. For asymmetric coupling linear conductance becomes spin polarized. Changing the tunneling amplitudes (t 1 /t 2 = 1) one can modify the magnitude and the sign of polarization and these dependencies are sensitive to the strength of hopping parameters (Fig.2a) . When Majorana modes from both wires are directly coupled to the dot typical Coulomb diamonds disappear and only nonlinear conductance lines are visible (inset of Fig. 2b) . Finite coupling between two Majorana states in the wire leads to the earlier mentioned splitting of ZBA (Fig. 2c) . If δ 1 = δ 2 two pairs of finite bias lines appear characterized by opposite spin polarizations (not presented). Fig.  2d illustrates the special case (δ 1 = 0 and δ 2 = 0.2), where both zero and finite bias lines coexist and the corresponding polarizations of conductance are opposite. Changing the bias voltage one can switch between the reversed polarizations (Fig. 2d) . Fig. 3 compares impact of ZBA on transport in the Coulomb range and Kondo regime and the main message is that due to the low energy scale of Kondo fluctuations only analysis of transport in this limit can be used in the case of weak coupling of the dot to TS wire. As it is seen from Fig. 3a for t = 0.001 Coulomb blockade is undisturbed by the presence of MBS, contrary to Kondo case, where even for this small coupling distinct reduction of Kondo conductance is observed. Fig 3b shows the evolution of Majorana perturbed Kondo conductance with the increase of t and the spin polarization for t = 0. The unitary conductance reaches (3/2)(e 2 /h) [5] for N = 1 and (1/2)(e 2 /h) for N = 0, 2. For SU(2) Majorana-Kondo effect, the polarization of conductance is negative for positively polarized Majorana state (γ 1 ) (P C = −1/3), what is in contrast to the Coulomb range, where P C = 1.
